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Resum
Aquest treball consisteix en la construccio´ d’un generador de tra`fic de drons que es capac¸
de generar operacions aleato`ries dins d’un paı´s. Al llarg d’aquest document s’explica els
passos necessaris per crear les operacions tenint en compte la regulacio´ existent, les
zones de vol prohibides, el nombre d’operadors i les actuacions de vol dels drons.
Mitjanc¸ant els para`metres d’entrada, el generador crea i assigna una flota de drons per
cada operador introduı¨t. Seguidament, el generador crea les operacions i les assigna als
drons, de manera que tots els operadors tinguin una flota de drons i una llista d’operacions
a fer. A me´s, cada operacio´ te´ assignat un temps de vol, de manera que les operacions al
llarg del dia segueixen la corba d’horari de treball tı´pica de cada paı´s.
El generador, a me´s, permet la visualitzacio´ de les operacions al llarg del temps mitjanc¸ant
el programa Google Earth. Tambe´ es pot visualitzar amb el mateix programa els conflictes
i les a`rees d’alta densitat de tra`fic, de manera que l’usuari pot observar on es produeixen.
Per una altra part, les operacions realitzades so´n enmagatzemades en dos tipus de fitxers.
El primer tipus de fitxer correspon als fitxers XML, que permeten guardar total la informacio´
relativa als operadors, les seves flotes de drons i les operacions realitzades per cadascun
d’ells.
El segon tipus so´n els fitxers MavLink. Aquests fitxers es caracteritzen per guardar els
plans de vol de totes les operacions generades. Amb aquests fitxers, el simulador Ar-
duPilot i el programa Software in the Loop, totes les operacions poden ser simulades i
obtenir els seus registres. Aquests registres poden ser utilitzats per avaluar, per exemple,
la implementacio´ d’ADS-B en drons.
El fet que el generador permet canviar la parametritzacio´ de les rutes de vol en cada
generacio´, aixı´ com el nombre d’operadors i els models de drons utilitzats, permet que
l’usuari pugui avaluar l’evolucio´ del tra`fic de drons. Aixı´ doncs, el generador permet baixar-
se tant fitxers CSV com fitxers XML, on tota la informacio´ sobre els vols produı¨ts, les flotes
de drons utilitzades i els operadors introduı¨ts e´s recullida.
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Overview
This project consists in building a drone traffic generator capable of spawning random op-
erations in a country. This document provides the guidelines to generate the operations
taking into account the existing regulation, the forbidden flight zones, the number of oper-
ators and the concept of operations.
Using the input parameters, the generator creates and assigns a fleet of drones to each
operator introduced. Then, the generator spawns the operations and assigns them to
drones, so that each operator has a fleet of drones and list of operations to perform.
Furthermore, the operations have an assigned flight schedule to follow the typical workday
of the country.
The generator also allows visualizing the operations along the day by using the program
Google Earth. Moreover, the conflicts and busy areas can also be seen with this program,
so that the user can see where they occur.
On the other hand, the generated operations are stored in two types of file. The first type
corresponds to the XML files, which store the whole information relative to the operators,
their fleet of drones and the operations performed by each one.
The second type of file corresponds to the MavLink files. These files store the flight plans
of all the generated operations. By using the simulator ArduPilot and the software Software
in the Loop, the operations can be simulated to obtain the logs. These logs can be used
to evaluate, for example, the implementation of ADS-B in drones.
Finally, the generator allows changing the parametrization of routes in each simulation, as
well as the number of operators and the drone models. Hence, the user is able to see the
evolution of drone traffic with the generations. Moreover, the generator allows downloading
CSV and XML files, where all the information relative to the generated operations, the
assigned fleet of drones and the operators is collected.
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INTRODUCTION
The use of drones in civil purposes has arisen in recent years, especially in the decade
of 2010, where some companies of wireless communication began to develop and build
drones, such as Parrot and DJI companies, actual biggest drone companies in the world.
As business and companies of drones were appearing, various regulations turned up in
several countries in order to define the limits of the operations, like the roadmaps devel-
oped by FAA and EASA in 2013.
In Europe, the use of drones, better called Unmanned Aircraft Systems (UAS), is expedi-
tiously expanding. The research of them has sought an increased investment in civil drone
as they can perform difficult operations in an easier way such as fumigation, surveillance or
aerial photographing. [1] This development supposes a potential hazard as operations per-
formed by drones can interfere with others, thus causing conflicts and mishaps. To avoid
such clashes, in 2013, EASA set a regulation involving only civil drones with a MTOM
higher than 150 kg, allowing the European Member States to set their own laws affecting
civil drone with less mass than 150 kg [2].
But the most used drones in civil aviation are those with a MTOM less than 25 Kg, due to
the lack of CoA (Certificate of Airworthiness) for these UAS as many European countries
demand it for heavier aircraft. For this reason, the aim of this project is to build a generator
capable of generating foreseen drone traffic with a MTOM smaller than 25 kg. In addition
to the generation, the generator must also be able to analyze and evaluate the generated
traffic.
In order to do so, several parameters have been defined such as the country model, op-
erator and operation types, and drone models, all of them inserted by the user. As the
traffic generator spawns the operations, it releases diverse output files to be loaded and
seen by many programs. These output files contain information about how the operations
are performed and how they have gone. They might be MavLink, CSV and KML files and
users can visualize them with the proper program.
The philosophy of this project is to create standardized drone operations with variable
sizes of them. By inserting the number of different types of operators that will work in a
day, the generator reproduces an approximated drone traffic, allowing the user to see it
by the output files previously mentioned. Furthermore, the generator also analyses the
operations to inform the user about the number of conflicts, busy areas or the how the
operations are spread along the day, among others. The importance of being generalist is
that, as regulation might change in the future and the range of operation does it as well,
the user can insert the changes to try and see the trends of drone traffic. So, this tool
allows seeing the tendency of UAS traffic as the user wishes.
The tool developed in this project has been programmed in Microsoft C#, using the visual
graphic libraries of WPF. The structure of the program, that is, the libraries which form the
whole program is explained in Appendix D.
0.1. Chapter organization
This project is divided into several chapters containing the information relative to the traffic
generator and the generation process. The chapters are organized as follows:
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• The first chapter is the State of the Art, whose aim is to provide an overview of the
drone world, its history and the actual regulation focused on Europe.
• Then, the next chapter provides a general view of how the traffic generator works,
explaining the elements which form it and the operating modes that it offers.
• The next four chapters are committed to explaining, in detail, the elements of the
traffic generator. These elements are the country model, the concept of operation,
the operators and the model of drones.
• Once the elements are explained, the process of generating the operations is de-
scribed in the next chapter. The development of this process constitutes the core
of the traffic generator as it involves the labored calculus for creating the routes
properly and assigning them to the operators.
• The results of the generations and the output files released are explained in the next
chapter of this project.
• The last chapter contains the analysis of various simulations in order to study the
evolution of drone traffic as the number of operator increases.
• The geodesic formulas used in the traffic generator are summarized in the Appendix
as they are too long to be fitted in the text. Moreover, the interface and the code
diagram are also included in that part.
CHAPTER 1. STATE OF THE ART
This chapter provides an overview of the drone world. The first step to introduce into
this world is to define the different definitions of drones, as this word has a too broad
meaning and new definitions appeared to be more specific. Then, a brief history of drones
is explained in order to understand how they appeared, which their goals were and how
they have arrived at nowadays. Knowing where they come from, the next section describes
the activities where drones take part, followed by the most common applications of them.
And as a final aspect, the actual regulation across Europe is pointed out in order to know
how the drone traffic might evolve in the next few years.
1.1. What is a drone?
The term drone is commonly known as an aircraft with no pilot on board. As technology
advanced and new types of drones arose, new definition appeared in order to be more
specific. The new definitions are [1]:
• UAV (Unmanned Aircraft Vehicle): a reusable aircraft designed to operate without an
on board pilot. It does not carry any passenger and can be either preprogrammed
or remotely piloted to fly. Although this definition is very explanatory, it only involves
the aircraft and not the ground and communication systems.
• UAS (Unmanned Aircraft Systems): the terms Unmanned Aircraft defines the craft
as an airplane capable of flying autonomously without any pilot on board. And the
term System characterizes that the UAS is not only the aircraft but also the ground
and communication systems, which constitute the whole structure. This definition is
preferably used since it comprises the whole system, not only the aircraft.
• RPAS (Remotely Piloted Aircraft System): this definition implies those unmanned
aircraft which are, as its name says, remotely piloted by a pilot for the entire flight.
For this reason, RPAS are considered a subgroup of UAS.
Having defined the alternative definitions of drone, that which best fits to this project is UAS
as the studied drones in this project might either be remotely piloted or preprogrammed.
1.2. History of drones
As to introduce the UAS world, a brief history of them is explained so that the reader is put
in. The first known drone dates from 1849 when Austrian army used balloons armed with
explosives and a timer in order to bomb the city of Venice. Despite some of them dropped
their payload on own Austrian troops, due to the lack control and guidance systems, they
are considered the first drones as they flew autonomously without any pilot on board.
But it was in the world war one when the heavier-than-air drones were built. In 1917, Peter
Cooper and Elmer Sperry modified an old Curtiss N-9 from U.S. navy and made it fly in a
level flight during 50 miles. This drone was called Hewitt-Sperry Automatic Airplane and
they built 12 more for military purposes.
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In the second world war, the purposes of drones were still for aerial bombardments. The
United States Air Force (USAF) developed the QB-17 and QB-24 planes, used to be mov-
able targets or flying bombs. Moreover, the German army developed the series of V1 flying
bombs, considered the first guided missiles. They were launched from French and Dutch
coast to target the city of London.
Figure 1.1: Photograph of a Hewitt-Sperry Automatic Airplane in 1918.
In the cold war, drones were designed for reconnaissance missions, such as the MQM-33,
included in the series of BTT. The turn of attack to reconnaissance was due to the fear
of pilots to be captured by the enemy while performing the mission. As well as recon-
naissance drones, the drones for nuclear test also emerged for collecting radioactive data,
such as the modified B-17 flying fortress.
In 1982, Israeli army used the advantage of high endurance and flight altitude of the RQ-2A
Pioneer series to destroy Syrian aircraft with minimal losses. The impact of them was such
that the American army improved this series of drones until they built the MQ-9 Reaper, a
UAS aimed at performing reconnaissance and even attack missions. This series of UAS
served in 1995, in the Afghanistan and Bosnian war and they are still in service in the
American army, as shown in Figure 1.2.
With the beginning of 2000, the civil UAS started to appear. Companies such as DJI and
Parrot began to produce small UAS by that time, resulting in an exit, as shown in Figure
1.3. The era of small UAS for civil purpose began and, with them, the development of
applications for helping the human action.
1.3. Applications and Operations of drones
Since the creation of the first drone, its operations have evolved from purely military pur-
poses to recreational and scientific research. As UAS business emerged, the civil market
gained weight, being one of the largest sources of investment and development of drones
[1]. So, the operations of drones can be distinguished as:
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Figure 1.2: Photograph of an MQ-9 Reaper from the United States Air Force.
• Military: this category involves the research of UAS carried out by governments in
search of new war techniques.
• Commercial-Professional: this category involves the use of UAS for scientific or
business ends.
• Hobby: this category involves the use of UAS for recreational activities.
Military activities are out of the scope of this project since the traffic generator aims at cre-
ating and evaluating civil drone traffic (Figure 1.3 shows an example of a civil drone). Fo-
cusing on Commercial-Professional operations, there are five common applications where
UAS companies develop their activities, which are [3] [4]:
• Topography: the activities related to the photography and examination of terrains.
• Inspection of infrastructures: those activities related to the examination of infras-
tructures, such as electric lines.
• Agriculture: these activities focus on helping agricultors in their tasks, such as
fumigation and plant examination.
• Audiovisual: the use of UAS in this application is based on filming scenes.
• Security: this activity involves the use of drones in order to monitor a specific area
such as frontiers.
In addition to these applications, due to the existing regulation, there are others not as
widely implemented, such as emergency services or maritime rescue missions.
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Figure 1.3: Example of a civil drone, an AR drone 2.0 from Parrot company.
1.4. Actual and future regulation
Nowadays, the regulation about drones and its use is the responsibility of each country.
Europe is the only exception because drones with a MTOM larger than 150 kg, which are
not firefighting and for search and rescue missions, are regulated by an EASA normative.
On the other hand, lighter aircraft are supervised by each national Civil Aviation Authorities
(CAAs), making difficult to generate drone traffic in different countries and for cross-border
drone flights. The regulation trends show that the limitations of operations will be based
on safety, risk, and performance instead of mass (which is now based). Usually, in the
Member States, drones with MTOM smaller than 25 kg are exempted of Certificate of
Airworthiness (CoA), resulting in a boost of the use of them for many operations rather
than heavier aircraft as this certificate increases the cost of manufacturing such UASs.
Consequently, just as there is a project aimed at fostering and integrating all European
airspace into one single airspace (called SESAR), EASA is implementing and investigat-
ing a standard regulation for all States Members. This project is called Roadmap for the
integration of civil Remotely-Piloted Aircraft Systems into European Aviation System [5],
and it was released in June of 2013. This plan described the standard concepts of oper-
ations, the safety and technology development required for the implementation, the social
impact of them and a milestone for progressive integration. As this document provides,
the full integration of drones into civil airspace will take several years due to the actual
safety and technology limitation. As these factors improve, the UAS industry will develop
improved drones, with a longer range of operation, better performance, and endurance
with less risk of mishap.
Whilst risk, performance, and safety are not guaranteed, UAS are not allowed to operate
in populated areas, non-segregated controlled airspace, aerodromes and airports, and
forbidden flight zones, as all national Civil Aviation Authorities demand. Therefore, this
project will take into account this actual regulation when generating the routes.
CHAPTER 2. PROGRAM DIAGRAM
This chapter aims at describing how the traffic generator is structured, taking into account
the different parts which make it up and how they interact with each other. The goal in
this unit is not to entirely describe each element but to give an essential concept of them,
making the reader understand what the traffic generator takes into account for generating
the operations. On the other hand, the whole definition of them will be explained in later
chapters.
The operating modes of the generator are explained in the last part of the chapter. As well
as with the elements of the generator, the operating modes are schematically explained in
this chapter as the whole process of each mode is explained throughout this project.
2.1. Organization of the elements
To begin with, this section is dedicated to describe and explain the different elements which






Countries set the limit for placing the operations and contain the information about the
areas allowed to place routes and those which are not. Furthermore, they also contain the
working hours which set the temporal limit for scheduling the operations, as well as the
logistic centers where the delivery operations take place around.
In terms of European drone regulation, as it was previously commented in section 1.4.,
EASA program only applies to drones heavier than 150 Kg, allowing each Member State
to regulate its own drone legislation for lighter UAS. Because of that, the operation param-
eters may change with each country, although the user can set the criterion and change it
in each generation.
2.1.2. Operations
The operations consist on the routes performed by the drones in an assigned flight sched-
ule. The operations are the core of this program and can be seen how they perform the
routes using different programs such as Google Earth, Mission Planner or QGround Con-
trol. The types of operations implemented in this project are:
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• VLOS operations: They are operations performed under the visual line of sight with
the UAS, and are considered short-range operations.
• EVLOS operations: They consist of VLOS operations but with a longer range, al-
lowing other visual observers to keep the visual line of sight with the UAS instead of
the pilot in command.
• BVLOS operations: They are long-range operations where the pilot in command
does not have to keep the visual line of sight with UAS but it has to know its position
all the time.
• Delivery operations: They are the operations performed by courier and parcel com-
panies for delivering packages to customers. As it will be described later, these
operations are not operative yet but are promising routes to be performed in future
[6].
It should be noted that every route has its model and parameters, which are better de-
scribed in Chapter 4, as this subsection is committed not to describe them in detail.
2.1.3. Operators
The operators are the companies and people in charge of performing the operations, as
well as to comply with the existing regulation. Each one is registered with a code or an
identification, and they have their own fleet of drones to perform the operations. In fact,
the increasing number of them throughout Europe [5] has pushed EASA and the Member
States to start regulating the use of drones. Hence, the user is asked to insert the operators
to be generated by either filling in manually or from an XML file.
In order to distinguish them, the operators are classified by the size of their fleet of drones
and their goals, resulting in four types:
• Small Operators: These operators own a fleet of drones between 1 and 9.
• Medium Operators: These operators own a fleet of drones between 10 and 49.
• Big Operators: These operators own a fleet of drones between 50 and 99.
• Delivery Operators: These operators are the parcel and courier companies.
This distinction has been done so that the user can choose more accurately the operators.
Moreover, the user can specify, for every operator, which type of operations is required to
perform. For example, there are some operators which can only carry out VLOS operations
meanwhile there are other which are able to perform VLOS and BVLOS operations.
2.1.4. Drones
The drones are the aircraft-ground platform set which fly and perform the routes. As it is
said in the previous subsection, each drone belongs to the fleet of drones of one operator,
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owning an ICAO code, not only because the regulation requires it, but also to distinguish
it from the rest of the UAS operating on the same day. In order to make the generation as
real as possible, they are standardized and their performances are realistic.
In Chapter 6 there is an example of a set of drones used in the traffic generator for per-
forming the routes, as well as the XML structure for defining new ones.
2.2. Operating modes
This section aims at describing the different operating methods which the generator has.
The traffic generator has two modes of operations, which are:
• Mode of making a new generation: This mode, as its name says, consists on
spawning new operations by inserting new input parameters.
• Mode of reviewing a generation. This mode allows the user to analyze a past gen-
eration by choosing an XML file where all relevant information about that generation
is stored.
By both modes, the user can see and visualize the same outputs parameters as the gen-
erator creates them in any case. In order to understand how each one works, the following
sections are committed to explaining it.
2.2.1. Mode of making a new generation
This operating mode is based on introducing the elements mentioned above so that the
generator can spawn new operations. When the generator has finished, it releases the
correspondent output files and an analysis of the generated operations. Basically, this
operating mode can be summarized in four steps, which are:
• Step 1: The first step consists in introducing the inputs. Therefore, the user must
introduce the number of each type of operator, the country where the operations will
be placed and the route parameters which define the size of each type of operation.
The last input parameter to insert is the number of TXT files to store the information
of flights. This parameter will be explained Chapter 8 because it is related to the
release of the output files.
• Step 2: The generator, taking into account the regulation of the country introduced,
generates the fleets of drones and the operations for each operator inserted bearing
in mind the type of operations which the operator is required to perform.
• Step 3: The generated operations are assigned to drones, allowing each one to
perform more than one operation as long as they do not overlap each other.
• Step 4: Once the operations are created, the generator releases the output files
so that the user can visualize them in different platforms, such as Google Earth or
Mission Planner. Moreover, the traffic generator also works out some analysis in
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term of conflicts between the operations and busy areas, where some route gather
within a distance set by the user.
To sum up all the process, Figure 2.1 synthesizes the interaction of the elements to make
a generation.
Figure 2.1: Scheme of how the elements interact with each other when the generator
makes a new generation of operations.
2.2.2. Mode of reviewing a generation
On the other hand, if the user wants to review a past generation in order to see its analysis
and its output parameters again, the generator has the option to do so. As explained in
Step 4 from the previous subsection, the generator releases diverse output files when the
generation is over, one of them is an XML file where all the information relative to the
country, operators, operations, and drones used in the generation is stored. By selecting
this file in the proper option of the generator, it can load the generation again and, therefore,
show the analysis of the generation. Furthermore, the same output files for visualization
of the routes are also generated, so that the user does not have to worry about saving all
the output files released in a generation.
CHAPTER 3. COUNTRY MODEL
The purpose of this chapter is to describe how a country is defined and which elements
shape it. The importance of the country model relies on defining the region where the
generation of operations will take place. But not only for placing routes, the countries play
an important role since each one regulates as its manner, allowing more or fewer flights.
Countries set the limit for placing the operations and contain the information about the
areas allowed to place routes and those which are not. Furthermore, they also contain the
working hours which set the temporal limit for scheduling the operations.
In terms of European drone regulation, as it was previously commented in section 1.4.,
EASA program only applies to drones heavier than 150 Kg, allowing each Member State
to regulate its own drone legislation for lighter UAS. Because of that, the operation param-
eters might change with each country, although the user can set the criterion and change
it in each generation.
The elements which make up a country are:
• Contour
• Forbidden flight areas
• Delivery centers
• Working hours
In the following sections, each element listed above is explained in detail.
3.1. Contour
The main element which defines a country is the contour. In the traffic generator, the
contour helps to set the limits for fitting the routes in. As the cross-border and maritime
operations are not operative in Europe yet, the condition that every route has to keep all its
waypoints inside the contour is a requirement. Due to the limitations of generating routes
outside the contour, the islands which belong to the country are not taken into account.
As well as Spain, the user can insert new countries by creating the proper files. In the case
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Where:
• The element ”country” is used for enveloping all the information relative to the
country. And ”name” is an attribute aimed at, as it says, specifying the name of the
country.
• The element ”coordinates” marks the beginning of the set of points which defines a
contour. It does not have to be the main contour of the country but it might be islands
(although this version of the generator does not take the islands into account, future
versions of it will be able). For differentiating them, the attribute ”type” aims at
solving it, being land for the main contour or island for islands. It is important to fill
this attribute because as it is said previously, the generator only takes into account
the main contour of countries, not the islands.
• The element ”point” is used for defining the coordinates of one point belonging
to contour. It must be filled by latitude and longitude coordinates in the WGS84
coordinate system and in decimal format, separated by a comma.
3.2. Forbidden flight zones
The forbidden flight zones are those areas where flight is not allowed. They might be
unflyable for either civil aviation and UAS or just for UAS. These zones constitute one of
the most changing parameters in drone aviation due to the rapidly changeable legislation
of each country [7]. That said, the forbidden flight zones can be listed as:
• Forbidden flight areas
• Controlled Airspace
• Populated zones
• Airports, aerodromes, and heliports
The following subsections are committed to detail every forbidden flight zone.
3.2.1. Forbidden flight areas
The forbidden flight zones are the areas where flight is prohibited for the activities which
take place on it. These activities can range from military activities to nuclear power plants.
This information is often published by the national authority of each country (in the case of
Spain, ENAIRE is the publisher of this information). The forbidden flight zones are divided
into four different types depending on their risk level [7]. The list below is the categorization
of the forbidden flight areas from most to least risk level.
• Prohibited zones
• Restricted zones
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• Danger zones
• Sensitive fauna zones
These areas shape the whole forbidden flight zones and can be two types: polygonal or
circular. The first ones are defined by a set of points which shape the contour of the area,
whereas the second ones are defined by a central point and a radius, shaping a circle. For









• The element “polygon” encompasses all the information relative to a new forbidden
area. Its attribute “name” indicates how the area is called, whereas the attribute
“type” expresses whether the area is polygonal or circular. For polygonal areas,
the type is by ”points”.
• The element “point” are the elements which store the set of points. They must be
inserted in the order to shape the area properly. As in XML structure for defining
the contour, the polygon must be closed, which means that the last point must be
the same as the first one. Each point must contain the latitude and longitude (in this
order) in WGS84 coordinates and in decimal format separated by one comma.
On the other hand, the circular areas are defined by the following XML format:





• As well as for polygonal areas, the element “polygon” is defined to store the infor-
mation relative to a forbidden flight area, with its attributes “name” and “type”. In this
case, the attribute “type” is filled with a circle to indicate a circular flight area.
• The element “reference point” marks where the central point is located in WGS84
coordinates and in latitude and longitude decimal format, with a comma as a sepa-
rator.
• Finally, the element “radius” is the action range from the reference point expressed
in Nautical miles (NM). The fact that the radius is not in SI units is because the
information regarding aviation services are written imperial units; in this case, the
horizontal distances are in Nautical miles.
14 Automatic drone demand generation and evaluation
3.2.2. Controlled airspace
Currently, UAS are not allowed to fly in controlled airspace although the impact of them
in such spaces has been and is a field of study quite analyzed. Consequently, controlled
airspace is considered another type of forbidden flight zone, and only classes F and G are
fit for flight. Usually, the controlled airspace which is established in our field of study (from
0 to 300 meters height above ground level) is formed by ATZ (Aerodrome Traffic Zone) and
CTR (Controlled Traffic Region) areas.
The XML structure for storing the information of each controlled area is the same as the
forbidden flight areas, explained in 3.2.1., as shown in the example below:










With the aim of minimizing the risk of drone flights, UAS are not allowed to fly above any
agglomeration of people [8]. Thus, cities and other populated zones are exempted from
flying. As the agglomeration of people is not concentrated in the city itself but is spread
throughout the city’s outskirt, a safety radius has been taken into account. This radius
expresses how big the city is and how much area encompasses.








• The element “cities” is defined to encompass all the cities inserted in the XML file.
• The element ”city” is used for setting the information of a city. Its attribute ”name”
defines its name.
• The element ”coordinates” defines the coordinates of the city center in the WGS84
coordinate system and in decimal format, being a comma between the latitude and
longitude. The element “radius” expresses the area which the city encompasses
and it must be in NM.
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3.2.4. Airports, aerodromes, and heliports
As last forbidden flight zones, UAS operations cannot interfere either with civil or military
aviation [8]. Therefore, every airport, aerodrome, and heliport is considered a forbidden
flight area. The generator takes into account the safety radius, specific for every airport,
which sets the distance from which drones must keep out.
The XML structure for storing any type of aerodrome and heliport is:
<airports>







• The element ”airport” intends to store the information related to the airport. Its
attribute ”name” defines the name which the airport is known and attribute ”icao-
name” defines the ICAO code for the airport. The attribute ”type” sets the type of
the airport, which can be VFR, VFR-IFR, or IFR. The remaining attributes, ”military”
and ”heliport”, are used for setting if the airport is whether military or not and the
same decision in the case of heliports. Both attributes must be the true or false
options.
• The element ”reference-point” defines the center of the airport, which is the center
point of the main airport runway as in civil aviation is defined. Again, the coordinates
of this point must be in the WGS84 system and in decimal format, following the
latitude and longitude order with a comma between them.
• The element ”radius” sets the distance from where UAS can operate further from
it. Its units are in NM.
To summarize all the areas explained above, Figure 3.1 shows all the forbidden flight
zones gathered in one single plot. The light blue line marks the contour of the country,
while the black line draws the polygon for forbidden flight areas and controlled airspace.
Moreover, the circles in red and blue color show the cities and the airports (the set of
airports, aerodromes, and heliports). In fact, before the generation starts, the generator
loads all these areas in order to fit in and to filter the routes.
3.3. Delivery centers
This section will discuss new concepts to be explained in section 4 but not much in detail,
just for understanding the scope of this section. The delivery operations (which are oper-
ations performed by parcel and courier companies for delivering packages to customers)
have common launch points, also known as ”delivery centers” . The reason is that the
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Figure 3.1: Plot of the Spain’s contour with all forbidden flight zones
main companies which are investing and investigating the implementation of them, are
Google, Amazon, and DHL [9]. Therefore, the unique launch points, from where their fleet
of drones can take off, are their logistic centers, or also called delivery centers.
In the case of Spain, Amazon and DHL own logistic centers in the country. But, in the
generator, only Amazon’s logistic centers have been taken into account. The two logistics
centers are located in Barcelona and Madrid province, near to their respective airports. In








• The element ”centers” encompasses all the defined delivery centers.
• The element ”center” stores the information of one delivery center. Its attribute
”name” aims at storing the name of the center.
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• The element ”coordinates” stores the location of the center in the WGS84 coordi-
nate system and in decimal format, separated by a comma.
3.4. Workday
The workday is the last element which makes up a country and its goal is to allocate the
operations inside its limits. As a general rule throughout in Europe, UAS cannot operate at
night. In order to be as realistic as possible, the workday is approximated to a Gaussian
bell, with a mean hour (x¯time) and a standard deviation hour (σtime). The selection of a
Gaussian bell has been done for following the curve of a usual workday, with its peak
usually reached at midday.
Following the example of Spain, its working time has its peak hour at 11:00 UTC (Coor-
dinated Universal Time), with a standard deviation hour of 4 hours. This means that the
peak working hour in Spain is reached at midday, and from 7:00 to 15:00 the concentration
of work should encompass the 68% of the total along a day.
Additionally to the mean and standard deviation, there are the limits which prevent the
operators from performing the operations at such forbidden hours, especially used for pre-
venting the UAS from operating at night hours. In the case of Spain, in order to be conser-
vative, the limits are set, by default, at 07:00 and at 18:00, allowing to perform operations
between these two hours. Although in Spain, at 18:00 it is fully sunny, in winter is not and
it can cause night flights if some operations are performed further these limits.
In order to store this information so that the generator can load it, the following XML struc-








• The element ”country” stores all the information relative to workday of a country. Its
attribute ”name” stores the name of the country.
• The elements ”initial-time” and ”final-time” aim at storing the limit hours for operat-
ing routes. The format must be hours:minutes:seconds, where the hours must have
two digits and go from 0 to 23. Minutes and seconds must also have two digits but
they must go from 0 to 59. Decimals are not allowed in any element.
• The element ”mean-time” marks the peak hour where there is more work at the
same time. As well as the two previous elements, the format must be hours:minutes:seconds
following the same rules as before.
• The last element is ”standard-deviation”, which describes how dispersed the work-
ing hours are from the peak hour. The smaller the standard deviation is, more con-
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centrated the working hours are around the peak. On the other hand, large numbers
mean that the peak hour is not intensified in one specific time but it lasts several
hours.
Figure 3.2 shows how the operations are distributed along the day. It can be seen
that the peak hour occurs between 10:00 and 11:00, and the distribution of the oper-
ations follows a bell where besides the time limits (07:00 and 18:00), the operations
are zero.
Figure 3.2: Plot of operations vs time along the day.
CHAPTER 4. CONCEPTS OF OPERATION
The operations consist of the routes performed by the drones in an assigned flight sched-
ule. The operations are the core of this program and can be seen how they make the route
using different programs such as Google Earth, Mission Planner or QGround Control. The
problem comes up when defining how a route is, as its shape and path can have infinite
patterns. Consequently, standardized routes have been created aiming at enveloping all
type of existing routes. These standardized routes have been classified by the range of
them, as EASA has proposed [2]. In this chapter, each type of operation will be described
in detail, from its concepts to its parametrization. The standardized routes are:
• VLOS operations: they are operations performed under the visual line of sight with
the UAS, and are considered short-range operations.
• EVLOS operations: they consist of VLOS operations but with a longer range, al-
lowing other visual observers to keep the visual line of sight with the UAS instead of
the pilot in command.
• BVLOS operations: they are long-range operations where the pilot in command
does not have to keep the visual line of sight with UAS but the pilot has to know its
position all the time.
• Delivery operations: they are the operations performed by courier and parcel com-
panies for delivering packages to customers. As it will be described later, these
operations are not operative yet but they are promising routes to be performed in
future.
The following sections aim at explaining how each type of route is defined and parameter-
ized, using schemes and pictures.
4.1. VLOS Operations
VLOS operations are those ones where the pilot in command must always keep the visual
line of sight with aircraft. These operations have a short action range because UAS cannot
fly further than pilot’s sight. They are tailor-made for examining crops or watering a specific
area, as well as taking photos for topography purposes.
4.1.1. Scheme used in the generator
As commented before, the shape and path of a route may have a large number of pat-
terns. In order to solve it, this scheme presents a generic shape and path for short-range
operations. The basic scheme used in the generator for generating these types of routes
is shown in Figure 4.1. The main elements which shape the VLOS route are:
• The Origin Point: also known as Launch Point as this point marks the place where
the UAS takes off.
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Figure 4.1: Scheme of VLOS routes
• The First Point: this point is used to be passed by UAS before performing the
mission in the Operation Area.
• The Operation Area: in this area, UAS performs the mission which the operation is
meant to. When UAS finishes the mission, it returns to the Origin Point to land.
4.1.2. Parametrization of VLOS operations
Knowing the shape of a VLOS route, the next step is to parametrize the route. The goal of
parametrization is to set the limits of operation range, so that the generator can generate
routes accordingly to what the user has previously inserted. Moreover, the parametrization
is useful when evaluating the impact of longer or shorter operations, which might help to
understand what could happen in future when less restrictive regulations take part. In the
case of VLOS operations, the parameters that user can choose for are the following:
• The First Segment: it constitutes the distance between the Launch Point and the
First Point.
• The Second Segment: it constitutes the distance from the First Point to the center
of the Operation Area.
• The Dimensions of the Operation Area: in order to standardize the operations,
a rectangle is used to simulate the area where UAS will perform the mission. The
dimensions of the Operation Area are referred to the length of the sides of the rect-
angle.
• The Angle Range between the First Segment and the Second Segment. it de-
fines the turn that UAS does when it reaches the First Point.
• The Flight Altitude: as a final parameter, the user can set the maximum and the
minimum height for VLOS routes.
All these parameters are summarized in Figure 4.2
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Figure 4.2: Parametrization for VLOS and EVLOS routes
4.2. EVLOS Operations
When the pilot in command wants to extend its flight further from his visual line of sight,
he has two options: either relying on an observer person who will guide him by a radio
communication system to perform the flight safely, or using a ground control station and a
FPV camera to know the UAS position all the time. The first option refers to the Extended
Visual Line of Sight (EVLOS) operation and the second one to the Beyond Line of Sight
(BVLOS) operation. In this subsection, EVLOS operations will be described and in the
next subsection BVLOS operations as well.
4.2.1. Scheme used in the generator and parametrization
As an EVLOS operation is a VLOS operation but with a longer range, the scheme is the
same as VLOS operations. The unique difference is that the First and Second Segments
are now longer because the pilot in command is authorized to fly further. So, the elements
and the scheme for EVLOS are summarized in 4.1.1.
4.3. BVLOS Operations
When operators want to fulfill various objectives in a single mission, and usually, the target
locations are beyond the line of sight of the pilot in command, they perform BVLOS routes.
These operations are typically used for examining electric lines, pipelines or for scanning
wide and spread areas.
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4.3.1. Scheme used in the generator
As well as VLOS, the generic scheme for BVLOS operations has been defined as repre-
sented in Figure 4.3. The different elements which shape the BVLOS routes are:
• The Origin Point: like VLOS operations, this point marks the place where UAS take
off.
• The Intermediate Points: these points are placed between the Origin Point and the
Operation Areas.
• The Operations Areas: they represent the different target which UAS must pass
and fulfill their objectives.
Figure 4.3: Scheme of BVLOS routes
4.3.2. Parametrization of BVLOS routes
Like VLOS operations, users can set the maximums and minimums parameters to gen-
erate BVLOS operations as he or she wishes. The parameters are few more than VLOS
and EVLOS since this type of route contains more elements than the previous ones. In
order to see these parameters schematically, Figure 4.4 shows them. So, the parameters
of BVLOS routes are:
• The First Segment: this length is defined as the distance between the Origin Point
and the first Operation Area, and basically marks the route range.
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• The Distance between Operation Areas: this parameter defines how separated
Operation Areas are between them.
• The Angle range between Operation Areas: in addition to the previous parame-
ters, this one describes the direction between the Operation Areas.
• The Dimensions of Operation Areas: as these areas are represented as rectan-
gles, their dimensions are the length of base and height of the rectangle.
• The Number of Operations Areas for every mission: users can set the maximum
and minimum of target objectives for every mission performed.
• The Flight Altitude: as well as with the VLOS and EVLOS, the user can set the
maximum and minimum height where this type of operations will take place.
Figure 4.4: Parametrization for BVLOS routes
4.4. Delivery Operations
These operations are intended to be performed by parcel and courier companies such as
Amazon and Google. Although these operations are not implemented in reality yet, they
represent a promising strategy to deliver packages in an easier and faster way. Because
of that, this project has taken it into account to see its impact in reality.
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4.4.1. Scheme used in the generator
As these routes are futuristics and there is no route operative yet, the scheme proposed
and used in this generator is shown in Figure 4.5. For these routes, UAS have to fly to a
Destination Point where they land and deliver the package. Once done, it returns on the
same path to the Origin Point where they land. The elements which shape this route are:
• The Origin Point: like the previous routes, this point represents the take-off point
for UAS.
• The Intermediate Points: these points represent waypoints for which UAS overfly
them to arrive at the Destination Point.
• The Destination Point: this point marks the location where UAS lands and delivers
the package. Once it has landed, it takes off again and returns on the same path.
Figure 4.5: Scheme of Delivery routes
4.4.2. Parametrization of Delivery routes
The parametrization of delivery routes is simpler in comparison with the other types of
route, as this route is made of a concatenation of waypoints, with no operation area and
with a lack of big turns. To parameterize the delivery routes, the user might set the following
parameters:
• The Maximum Radius of Operation. This parameter sets the maximum radius of
action to deliver package around the delivery centers. That is the distance between
the Origin Point and the Destination Point.
• The Flight Altitude. Like previous routes, the user can set the maximum and mini-
mum altitude of operations.
CHAPTER 5. OPERATORS
The goal of this chapter is to describe the function of the operators in the generator. The
operators are the companies and people in charge of performing the operations, as well as
to comply with the existing regulation. Each one is registered with a code or an identifica-
tion, and they have their own fleet of drones for making the routes. In fact, the increasing
number of them throughout Europe has pushed EASA and the Member States to start
regulating the use of drones [5]. Hence, the user is asked to insert the operators to be
generated by either filling in manually or from an XML file.
In order to distinguish them, the operators are classified by the size of their fleet of drones
and their goals, resulting in four types:
• Small Operators: these operators have a fleet of drones between 1 and 9.
• Medium Operators: these operators have a fleet of drones between 10 and 49.
• Big Operators: these operators have a fleet of drones between 50 and 99.
• Delivery operators: these operators are the parcel and courier companies, which
aim at performing the delivery operations.
This distinction has been done so that the user can choose more accurately the operators.
Moreover, the user can specify, for every operator, which type of operations is required to
perform, such as one operator which is only allowed to perform VLOS operations, whereas
others can perform VLOS and BVLOS operations.
5.1. Operator elements
The operators are made of a set of elements, which aim at identifying the operator. These
elements are listed below:
• The Identifier: the first element of an operator is used to define the name of the
operator.
• A list of operations: the operators are responsible for carrying out the operations
and doing it properly. Therefore, they must have an assigned list of the operations
performed by each one.
• A fleet of drones: the operators need a fleet of UAS for performing the operations.
• The Type of operations: this parameter allows the generator to know which type
of routes is the operator able to do. For example, if an operator is able to perform
VLOS and BVLOS operations, this element must define it as such.
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5.2. XML structure for storing the operators
As it will be seen in later chapters, the information of the operators can be stored in XML
files, which the generator might load it if the user wants to generate them. The XML








• The element ”operators” includes the list of operators to be simulated.
• The element ”operator” defines a new operator and its purpose is to store the rel-
evant information about it. The attribute ”name” is used for storing the name of the
operator.
• The element ”type-of-routes” defines the operations that the operator is able to
do. If the operator is able to do more than one type of operation, they must be
fulfilled with a slash as a separator.The delivery operations cannot be accompanied
by any type of route else since the usual operators are not allowed to perform such
operations, only courier and parcel companies can. Thus, the word ”Delivery” is
always alone.
• The element ”number-of-drones” defines the size the of the fleet of drones, that is,
how many drones the operator owns.
CHAPTER 6. MODEL OF DRONES
As the last element of the generator, drones and especially the types of drone play an
important role at the time to carry out the operations. In order to make the traffic generator
as realistic as possible, several UASs with real performance are included to be used for
performing the routes and to be assigned to operators. It must be noted that the drones
used in the traffic generator are not heavier than 25 kg, since the goal of this project
is to simulate the operations of such types of UAS, which are the most promising and
increasingly drones used for daily operations.
6.1. Drone elements
Each drone has its own elements which define both its performance and its model. In terms
of modeling the drone, the two elements mentioned in the following list aim at defining the
model and its identification:
• The Identifier: this attribute is unique for each drone and has the function of identi-
fication.
• The Model: the model of the drone defines the brand of the drone, which is related
to its performance.
On the other hand, in terms of drone performance, the following elements are used for
defining them:
• The Maximum and minimum cruising speed: this parameter is intrinsically related
to the model of drones. Its function consists of setting the speed limits when the gen-
erator decides the actual cruising speed of the drone for performing the operations.
• The Actual cruising speed: this is the velocity at which the drone will travel route.
As mentioned before, this velocity is generated between a range of speeds.
• The Scan speed: this is the velocity at which drone will perform the scan.
• The Maximum climbing and descending speeds: these two parameters have the
same function as the maximum and minimum cruising speed. They are used to set
an actual climbing and descending speed to the drone. There are neither minimum
climbing nor minimum descending speed as these velocities are quite low and there
is no need to set a lower limit.
• The Actual climbing and descending speeds: these two velocities are used by
the drone for taking off and landing.
6.2. Model of drones implemented in the generator
Table 6.2. shows the default drones used in the generator. Their performances are real
as to make the traffic generator as realistic as possible. The user can include more UAS
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by changing or creating new XML files which store the information of the drones, as it is
explained in the following section.
Model Max/Min. Cruising speed (m/s) Max. Climb speed (m/s) Max. Descend speed (m/s)
3DR-Solo 24.72/6 10 10
DJI-3 Pro 16/6 5 3
DJI-4 Pro 20/6 6 4
DJI-4k 16/5 6 4
DJI-advanced 16/5 5 3
DJI-FC40 10/5 6 6
DJI-Phantom 1 10/4 6 6
DJI-Phantom 2 15/6 6 2
DJI-Phantom 3 16/6 5 3
DJI-Phantom 4 20/7 6 4
DJI-Vision 15/5 6 2
Parrot-albris 12/4 7 7
Parrot-bebop 1 13/4 6 6
Parrot-bebop 2 16/4 6 6
Table 6.1: Model of drones used in the traffic generator
6.3. XML structure for storing the model of UAS
As mentioned before, the only way to insert a new UAS is by modifying or creating new
XML files which store the information relative to them. The aim of this section is to explain
how the drone performance is inserted into the generator. The information relative to UAS










• The element ”drones” is used to envelopes all the defined drones.
• The element ”drone” is used for defining a new type of drone and storing its infor-
mation.
• The elements which aim at storing the information relative to drone are the maximum
and minimum cruising speed, stored in the elements ”max-Cruising-Speed” and
”min-Cruising-Speed”, being its units ms . Additionally, the maximum climbing and
descending speed are taken into account, stored in the elements ”climb-speed” and
”descend-speed” respectively, and their units are ms
CHAPTER 7. PROCESS OF GENERATION
Once the elements of the generator are defined, the aim of this chapter is to describe the
process of the generation and how is carried out. The main goal is to carefully explain
how the routes are generated, taking into account the previous elements mentioned in the
preceding chapters.
But before generating any route, the generator first loads the country in order to place
the routes. Then, what comes next is the creation and assignation of the fleets of drones
to operators, followed by the decision of which type of operation the operators is going
to do. Having decided those parameters, the generation of routes begins, and when this
process is over, the generator filters the routes in order to check if any of them is inside any
forbidden area. As the last step, the generator assigns a flight schedule to each operation
for distributing them along the day.
The process of generation consists of 6 steps, which are:
• Step 1: loading the country.
• Step 2: allocation of the fleet of drones to each operator.
• Step 3: assigning the number of operations to drones.
• Step 4: generation of routes.
• Step 5: route filtering.
• Step 6: assigning a flight schedule to each route.
• Step 7: assigning the operations to operators.
The following sections are committed to explaining every step of the process of generation
in the same order as listed above, but much more in detail.
7.1. Step 1: Loading the country
When a generation starts, the first step consists of loading the country chosen by the user.
The country can only be loaded by choosing the proper XML file where all its attributes are
stored (see Chapter 3). These attributes will be useful for generating the operations and
for assigning the flight schedule to them.
7.2. Step 2: Allocation of the fleet of drones to each op-
erator
The second step consists in creating and assigning the fleets of drones to operators. De-
pending if the user has inserted the operators manually or by loading an XML file, the
operators might have the size of their fleet of drones defined or not.
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In the case that the user has chosen to load an XML file, every operator has assigned a
number of drones but not the drone models. This is when the list of drone models plays
its role (see chapter 6). The process is the following: the generator randomly chooses
a drone model from the list of UAS models and assigns it to a drone belonging to the
operator; repeating this process for each drone which the operator owns. Finally, all the
UASs from all the fleet of drones have their model and performance assigned.
On the other hand, if the user has inserted the operators manually, the generator does not
even know how many drones each operator owns. In that case, before assigning the drone
models and performances, the generator has to decide how many drones every operator
has. To do so, the generator takes into account the distinction made in Chapter 5. For
example, for a medium operator, the generator creates a random number between 10 and
49, both included, being the result the number of drones that this medium operator has.
Once this operator has decided the size of its fleet of drones, the generator assigns the
model of UAS to each drone of its fleet by choosing random models from the list of models
of UAS, in the same way as explained in the second paragraph. Repeating this process for
each operator inserted, the result is that every operator has a fleet of drones corresponding
to its type and a UAS model assigned to each drone from its fleet.
Figure 7.1 shows a schematic picture of the process of assignation of a fleet of drones.
Figure 7.1: Process of assignation of a fleet of drones to each operator.
7.3. Step 3: Assigning the number of operations to drones
When the operators have their fleet of drones fulfilled, the next step is to assign the oper-
ations that their fleets of drones will perform. Before starting to generate the routes, the
generator has to decide how many operations each drone will perform. This decision is
made since a drone can complete more than operation per day. By testing the program
many times, the conclusion reached is that a drone should operate between 1 and 3 times
per day. More operations would cause that some UAS cannot perform all its operations in
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a day because some of them could be carried out further from the time limits imposed by
the regulation of the country.
Once the generator has assigned a number of operations to every drone of each operator,
it starts to create the routes. First of all, the generator must create the route accordingly
to the type of operations that the operator is able to do. The generator uses a uniform
distribution random variable to decide the type of the operation. When this process is over,
the drones from each operator have assigned several operations to perform. The next step
consists in creating these operations.
7.4. Step 4: Generation of routes
Once determined the type of operation that the drones will perform for all the operators,
the next step is to create the route. The creation of routes is the algorithm which takes
more time to carry out during the generation since it involves many steps. These steps are
explained throughout the following subsections in the same order that the traffic generator
does.
7.4.1. Generation of the drone performance and flight altitudes
Before starting to generate any point of the route, the information of the drone assigned
to perform the route must be filled, which is basically the performances. The assigned
drone does not have either a cruising speed, a climbing speed nor a descending speed
assigned, but the generator knows the maximum velocities because they are related to
the drone model. So, in this step, the generator decides the three mentioned velocities by
generating a random number between the limits of each type of velocity.
For climb and descend speed, as there is a maximum velocity of each type but there is
no a minimum one, the generator creates a random number between 1 and the maximum
velocity of each type, both inclusive.
Once the drone has its performance fulfilled, the other parameter requested is the flight
altitude of the operation. This flight altitude will depend on how the user has parametrized
the routes, as each type of them requests to insert the vertical limits (see chapter 4).
The process of calculating a flight altitude between the vertical limits is the same as for
generating the drone performance, the generator is able to generate a random number
between two limits.
Now that the route has a drone assigned with its performance fulfilled and the flight altitude
decided, it is time to generate the waypoints which shape the path.
7.4.2. Generation of the initial points inside the country outline
The first step for spawning routes is to place them inside the polygon which defines the
country. To do so, the generator uses the polygon loaded in Chapter 3 and looks for the
extreme points. These points are defined as the northernmost (ϕmax), the southernmost
(ϕmin), the easternmost (λmax) and westernmost (λmin) points of the polygon. Using
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these points, a square is created which encompasses the polygon as shown in Figure 7.2.
This rectangle marks the limits for generating points inside it. The process of generating
them is to use a random variable (called rnd) which takes into account the limits, its
margin and throws points into it. The formulas to generate a random point (ϕn,λn) are
summarized in equations 7.1 and 7.2
ϕn = (ϕmax−ϕmin) · rnd+ϕmin (7.1)
λn = (λmax−λmin) · rnd+λmin (7.2)
With this algorithm, the generator spawns the initial point of each route into the country.
But it is possible that the point falls outside the contour, for example, it falls into the sea.
The generator has a mechanism to detect it, which is by filtering the points with the func-
tion InPolygon, developed in the program (see Appendix B). This function checks if the
randomly generated point is inside the polygon. In the case that the point falls outside,
the generator discards the point and spawns as many points as needed until someone
falls inside. By doing so, the generator ensures that all the points generated are inside the
country.
Figure 7.2: Plot of the Spain’s contour with the outer square
7.4.3. Generation of the rest waypoints
When the initial points are placed into the country, the generator creates the rest way-
points of the routes, so that the operations are complete. In order to finish the routes,
the generator has to create the rest of points and operation areas which form the oper-
ations. Hence, the generator uses the parametrization inserted on the input parameters,
described in chapter 4.
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For generating the points of the routes, the generator uses the parametrization inserted by
the user. For example, for a VLOS operation, the generator has to decide the length of the
first segment, the second segment, the turn made on the First Point, and the dimensions of
the Operation Area. With the limits inserted on the parametrization, these lengths and turn
are randomly decided. Therefore, the next step is to create the waypoints. The algorithm
used to do so is explained in the Appendix A.2., as the algorithm is too long to be explained
in this chapter.
7.4.4. Generation of the operation areas
When the generator has created all the waypoint that the routes have, then it starts gen-
erating the operations areas. As explained in Chapter 4, the operation areas are the zone
where the UAS performs the main goal of the mission. In the generator, as the goal of the
missions can have a large number of patterns, the operation areas are simulated as scan
areas. A scan consists in walking the operation area making short passes so that the UAS
passes through all the mission area, just as Figure 7.3 shows. The red line is the path that
the drone travels inside the operation area.
Figure 7.3: Example of a scan visualized in Google Earth.
7.4.5. Route discretization
With the generation of the route points and the scans for the operation areas, the route
is complete. But, in order to see how a route develops over time, that route must be
discretized, which means that each segment of the route is split into several sections. This
discretization will be useful for generating the KML files, which are explained Chapter 8.
The discretization is made by calculating the distance of each segment and divide it by a
number. In the generator, the number of divisions is, by default, 10.
The discretization of routes uses two algorithms for generating the discretized points of
the routes, which are the Haversine formula and the Algorithm to find the bearing from two
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given points. Both algorithms are explained in Appendix A.1. and A.3., respectively. Figure
7.4 shows an example of how the generator spawns the discretized points on a route.
Figure 7.4: Example of a discretization between two waypoints.
7.5. Step 5: Route filtering
Although the origin point of every route is inside the contour of the country, it does not
mean that the entire or part of the route is placed inside a forbidden flight zone. In order to
know if the route is placed in a flyable zone, each point of the discretized route is filtered by
the function InPolygon with all the forbidden flight zones (see Appendix B). If only one point
is inside a prohibited area, the whole route is discarded and the generator creates a new
route again. In the case of Spain, the filter imposed is shown in Figure 3.1. Furthermore,
the whole route must be inside the country outline as cross-border operations for small
UASs are not operative in reality yet. If a route exceeds this process it means that the
operation is flyable.
Figure 7.5: Scheme of the process of filtering a route.
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7.6. Step 6: Assigning a flight schedule to each route
When routes are created and well placed, the generator assigns a flight schedule to each
route. The assignment follows the working hour of the selected country to place the routes.
Following the Spanish example, the Spanish workday follows a Gaussian bell centered to
11:00 UTC+0 time with a variance of 4 hours. It means that the assignment of the total
routes generated along a day should follow this probability function. Microsoft C# does not
have a function to generate random numbers following a Gaussian bell, but it does have
a function which generates a random number between 0 and 1. The function to create a
Gaussian bell from that random number is called the Box-Muller algorithm.
7.6.1. The Box-Muller algorithm
By generating two random number between 0 and 1 (U1 andU2), the Box-Muller algorithm
is able to produce a random number from a Gaussian bell with a known mean value (µ)
and a known variance (σ) by making use of the Equations 7.3 and 7.4 [10].
Z =
√
−2 · ln(U1) · cos(2pi ·U2) (7.3)
random number = µ+σ ·Z (7.4)
The random time generated with this algorithm sets the initial time where the operation
starts. Or in other words, the initial point of the route is scheduled at this time. The next
step is checking if that time is inside the time limit. The generator compares and decides
whether it fits or not. In the case it does not, the generator produces as many random
times until the generated time falls between the time limits. In the case of Spain, as the
time limits go from 07:00 UTC+0 to 18:00 UTC+0, a randomly generated time must be
between these two limits.
7.6.2. Time allocation for the rest waypoints of the route
The second part of this sections consists in setting the time to the rest of the route. As
only the initial point has the time assigned, the rest of the waypoints must have it as well.
This process is important because the user can see how the drone travels each waypoint
at a specific time by using the KML files. The algorithm used takes into account several
elements listed below:
• The drone performance. The important parameters are the cruising, climb and
descend speed of each drone.
• The discretization of the routes. In order to be as much accurate as possible, the
discretized route is taken into account because the flight transition between way-
points is better seen.
With the discretization route, the generator works out the distance between two concate-
nated points and, knowing the performance of the drone, it can calculate the time that the
drone takes to travel from these two points. Summing this time to the first point of the two
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chosen point, the result is the time of the second point. In fact, the formula used is derived
from the definition of velocity and isolating the time as described in Equation 7.5.
t f =
distance between discretized points
velocity o f drone
+ t0 (7.5)
Iterating this formula to all the points of the discretized route, the route has a flight schedule
defined, with its initial time and a final time. The last step consists on checking that the
final time is inside the time limits, so that the whole route takes place in a time interval
suitable for the country regulation.
7.6.3. Checking the route in search of overlapping missions
Furthermore, as one drone may have several routes to perform in a single day, it cannot be
performing more than one mission at a time. In order to guarantee it, when the generator
assigns the operations to drones, it checks if the operation assigned does not overlap any
other operation previously assigned. In that case, the flight schedule is changed until the
operation can be properly accredited. Figure 7.6 shows schematically the process.
Figure 7.6: Scheme of the process of checking the route overlapping.
7.7. Step 7: Assigning the operations to operators
When an operation has passed all the previous steps, it is considered flyable operation.
Therefore, this operation is assigned to the list of operations from the operator which owns
the drone that performs the mission. By repeating the step 2 to 7, all the operations and
fleet of drones are generated and assigned, hence the generation has finished.
CHAPTER 8. ANALYSIS OF THE GENERATION
AND OUTPUT FILES
This chapter aims at explaining the outputs files released by the traffic generator. When
a generation ends, the generator releases several files so that the user can visualize the
generation in a specific program depending on the type of the file desired to work. But, the
generator also analyzes the generated operations in search of conflicts between routes,
busy areas, and statistics, as the user may choose to know them.
Throughout this chapter, the process of analysis of the generation is deeply described, as
well as the procedure of releasing the output files and how to use them for visualizing the
generation. Several examples of generations are shown in the final part of the chapter just
to finish it.
8.1. Analysis of the generation
The analysis of the generation consists of three basic parts, listed below:
• The search of conflicts between routes.
• The search of busy areas.
• Statistics about the operations.
The meaning and the process of calculating each one is explained in the following sections.
8.1.1. Search of conflicts between routes
The first parameter of analysis is the conflicts between routes. A conflict occurs when two
operations intersect at one point, with the condition that both operations must be operating
at the same time when the conflict occurs. It does not mean that the UASs, which are
performing the route, must cross the intersection point at the same time, but both of them
must be performing the operations at the period of time, having passed or not the conflict
point. In order to find all the conflicts in a generation, the generator analyzes each opera-
tion and compares all its segments with another operation from the whole list of generated
operations, in such a way that all the routes are compared with each other. The algorithm
used for finding the intersection of two routes is explained in the following subsection.
8.1.1.1. Step 1: Checking if two routes are potentially conflictive
Before working out any Intersection Point, there are three requirements to determine if two
operations may cause a conflict. These requirements are:
• The operations must have their flight schedules in common. In other words,
the operations must overlap. The fulfillment of this requirement implies that the two
UASs are operating at the same time, thus causing a possible conflict.
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• The routes must not be delivery operations. As this type of route has a common
Origin point (which are the delivery centers), it results easy to occur conflicts be-
tween these routes due to their proximity. This requirement only applies when both
routes, which are being analyzed, are delivery operations. In the case that one of
them belongs to a different route type, such as VLOS or BVLOS, the generator may
consider both routes potential for causing a conflict.
• The routes must be closer than their radius of action. This requirement speeds
up the process of finding conflicts as it avoids the generator from working out con-
flicts between two very separated operations. This requirement consists in working
out the maximum distance from the Origin Point of a route to any of the other way-
points which shape the route, also called the radius of action. Once determined this
distance, the generator draws a circle around the route, being the center of it the
Origin Point and the radius the maximum distance previously found. As the genera-
tor is comparing two routes to find if there exists a conflict between two routes, this
process is made for both routes. If the distance between the two Origin Point of both
routes (d) is closer or equal to than the sum of both radii of action of each opera-
tor (R1 and R2), the routes are considered to be potential for causing a conflict, as
summarized in Equation 8.1. In other words, two routes are considered potentially
conflictive is the circles, which their radius of action form, share a common part.
d ≤ R1+R2→ possible con f lict (8.1)
Figure 8.1 shows an example of two routes with their radii of action and the distance
which separates them. In this case, as both circles share a common part, the routes
are considered potentially conflictive.
Figure 8.1: Example of two potentially conflictive routes.
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8.1.1.2. Step 2: Working out the Intersection Point between two routes
If the three requirements previously mentioned are fulfilled, the next step is to find the
Intersection Point between the two routes. To do so, the generator makes use of the
discretized routes (see Subsection 7.4.5.). What the generator makes is to take every
point of the discretized routes and apply the algorithm for working out the Intersection
Point. This algorithm is explained in Appendix A.4., in order not to make the reading tiring.
8.1.1.3. Step 3: Algorithm to check if the intersection point is contained in both routes
When the intersection point is calculated, the generator must ensure that the point is con-
tained in both routes so that it can be considered an intersection. The process to do so
consists in working out four distances. The first distance is between the point A (which
is contained in a route) and the next point of the routes, whereas the second distance is
between the point A and the intersection point. The third and fourth distance follows the
same reasoning as the first and second distance but using point B (which belongs to the
other route) instead of point A. The intersection point is considered a conflict between two
routes only if the distance between the Point A and the intersection point is smaller than
the distance between Point A and the next point of the route, happening the same with
point B and its next point of the route. If it is the case, the intersection point is considered
a conflict.
Figure 8.2 shows how to find a conflict using the distance between the points which make
up the routes and the intersection point. From that figure, the mathematical formulation of
the algorithm is that if distance 1 ≥ distance 2 and distance 3 ≥ distance 4, then there
exists a conflict.
8.1.1.4. Step 4: The generator sets the conflict point
In the case that the generator has found an Intersection Point between two routes, it stores
the coordinates in order to use it for generating the output files. It must be noted that,
although two routes can intersect in many points of the routes, the generator only takes
one Intersection Point.
8.1.2. Searching of busy areas
Another parameter of analysis is the search of busy areas. A busy area is a zone where two
operations are closer than a safety distance, also known as a threshold. This parameter
is useful for estimating the regions where there would be a concentration of operations.
In order to work them out, the algorithm is complex and involves many algorithms to find
them. The following subsections are committed to carefully explain each step involved in
this process.
8.1.2.1. Step 1: Checking if two operations are not delivery operations
As with the algorithm for calculating conflicts, the busy areas formed exclusively by delivery
operations are not taken into account. The reason is the proximity of the operations around
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Figure 8.2: Scheme of how to geometrically find a conflict.
the delivery centers. As all the delivery operations must take off from those centers, they
gather around these points, forming a known busy area.
8.1.2.2. Step 2: Checking the flight schedule of the operations
The next step is to check if both operations coincide in time. It makes no sense to consider
a busy area where two or more operations take place but in a different time since it does
not generate any risk of conflict.
8.1.2.3. Step 3: Working out the minimum distance between operations
The second step to determine if two operations form a busy area is to find the minimum
distance between them and compare it with a threshold. So, the generator takes each cre-
ated operation and compares it with the rest ones. In order to find the minimum distance
between two operations, the program takes into account the discretized route of each op-
eration and works out the distance between all the discretized points using the Haversine
algorithm (explained in Appendix A.1.). By doing so, the generator finds the minimum
distance between the operations.
What comes next is the comparison with a threshold. This number defines the maximum
distance for considering a busy area. If the minimum distance between two operations
is equal or less than the threshold, the generator has found a possible busy area. This
number has a default value of 5.4 nautical miles but the user can change it in the generator.
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8.1.2.4. Step 4: Working out the midpoint between two operations
When the generator has decided that there is a busy area between two operations, the
next step is to generate the area which encompasses both operations. In order to do so,
the generator first needs to know where the center of the busy area is, in order to generate
the circle which includes the operations affected. The center of the busy area is worked
out by calculating the midpoint between the two routes implied. With the last step, the gen-
erator found the minimum distance between the two operations and the two closest points
between both routes. So, the center of the busy area is taken as the midpoint between
these two closest points from both routes. The algorithm to work out the coordinates of
the midpoint is explained in Appendix A.5.
8.1.2.5. Step 5: Working out the radius of the busy area
The last step to shape the busy area is to find its radius. This radius must encompass
the two operations implied in the busy area. Hence, the generator must work out the
maximum distance from the midpoint previously calculated to each point of both routes, by
making use of the Haversine algorithm (see Appendix A.1.). Again, the generator takes the
discretized routes to make the calculus of distance as they contain more points, leading
to a more accurate result. When the maximum distance is found, the generator spawns a
circle with the midpoint as a center, and the radius is the distance calculated in this step.
So, the final result can be shown in Figure 8.3.
Figure 8.3: Scheme of a busy area taking place between two operations.
8.1.3. Statistics about the operations
The third analysis parameter made by the traffic generator is the statistics about the gen-
erated operations. There are two types of analysis, which are listed below:
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• A plot of the operation versus the time in hours. This graph allows seeing how
many operations are being performed at a specific time, or how they are distributed
along the day. Figure 8.4 shows an example of a generation made in Spain. As
it was commented in Section 3.4., the Spanish peak hour occurs at 11:00. From
Figure 8.4, it can be seen that the operations tend to concentrate between 10:00 to
11:00. And there is no operations performed further from the time limits (8:00 and
18:00), thus showing the effectiveness of the generation.
Figure 8.4: Example of a plot with the number of operations along the daytime
• The mean time, mean distance and the number of operation for each type of
route. The mean time and distance are related to the parametrization inserted and
the model of drones used. On the other hand, the number of operations is related
to the number of operators inserted by the user. Figure 8.5 shows the screen where
these results appear. Furthermore, there is the option to export the results to a CSV
file or in an XML one.
8.2. Output files
In addition to the analysis of the operations, the generator releases several files to visualize
the operations. These files consist on:
• Various KML files. The KML files are used for seeing its content in Google Earth.
In this case, these files store all the routes performed from the generations.
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Figure 8.5: Example of the statistics of a generation.
• A set of MavLink files. The information stored in these files allow programs like
Mission Planner or QGround Control to perform the routes generated with a real
drone simulator.
• A CSV file. This file contains the relevant information about the operations, such as
their flight schedules and the performance of the drones which fly them.
• An XML file. The XML files contain the whole information of the operations, oper-
ators, and drones used in the generation. The operating mode of reviewing a past
generation makes use of this file to load the generation stored (see Section 2.2.).
The following subsections are devoted to explaining each file released and its visualization
it the proper program.
8.2.1. KML files
As commented before, the KML files store the information of the routes, allowing the pro-
gram Google Earth to visualize them. What is more, these files have been configured with
a function which permits the visualization of routes along the generation time. This op-
tion is called TimeSpamp [11] and is configured by Google Earth for making animations,
in this case, for visualizing the operations with time. Figure 8.6 shows a BVLOS route
represented in Google Earth.
8.2.1.1. KML files for conflicts and busy areas
As well as routes, the generator also releases two KML files containing the conflicts and
busy areas. In this case, both files do not contain the TimeSpamp as they only mark the
position or zone where conflicts and busy areas take place. Figures 8.7 and 8.8 shows
how a conflict and a busy area are seen using Google Earth.
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Figure 8.6: A BVLOS operation visualized in Google Earth.
8.2.2. MavLink files
MavLink is a protocol used for communicating drones with the ground station. It consists
in a stipulated messages that both drone and ground stations send each other in order
to manage the operation without the help of a pilot in command. In this project, the use
of MavLink files aims at simulating the created operations by the generator with a drone
simulator, also called Ardupilot. This program uses a software known as Software in the
Loop (SITL) to generate a UAS with its performance, features and characteristics.
The goal of using this drone simulator is that the operations created can be performed
very precisely and obtain the logs when the drone simulator has finished the route. The
logs obtained at the end of the operations are important as ICARUS research group from
Universitat Polite`cnica de Catalunya (UPC) is developing a new software which simulates
the routes generated with ArduPilot and uses these logs to analyze the implementation of
ADS-B in UAS, among other analysis parameters.
The information contained in the MavLink files is about the flight plans of the operations.
For each route generated, a MavLink file is released with all the information about the
waypoints, the velocities in each segment, the take-off, and the landing point. With this
information, platforms such as Mission Planner and QGround Control can write it and load
the operation for the simulation with ArduPilot [12]. Figure 8.9 shows an example of how
these MavLink files are used in Mission Planner for simulating several flights at the same
time.
8.2.3. CSV files
The CSV files contain information about the generated operations to be visualized in Mi-
crosoft Excel. Each line of the file represents an operation. The information stored in each
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Figure 8.7: A conflict between a BVLOS and an EVLOS operations visualized in Google
Earth.
operation is:
• The ICAO code of the drone which performs the operation.
• The departure and the arrival time.
• The latitude and longitude of the take off point.
• The cruising and the scan speed of the drone which performs the operation.
8.2.4. XML files
The XML files contain the information about the whole generation, so that the user can
review a past generation using this file (see Section 2.2.2.). The information stored in
these files is:
• The country where the generation took place.
• The operators inserted by the user.
• The fleet of drones of each operator, with their UAS models and their performances.
• The operations performed by each operator, with its flight schedule and assigned
drone.
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Figure 8.8: A busy area formed by two EVLOS operations visualized in Google Earth.
Figure 8.9: Simulation of several operations at the same time using the software ArduPilot
with the ground station Mission Planner.
CHAPTER 9. PRELIMINARY STUDY WITH THE
GENERATOR
In this chapter, a preliminary study of the evolution of drone traffic is exposed in order to
demonstrate the effectiveness of the traffic generator.
The study consists in generating different cases while increasing the number of opera-
tors. The operators are inserted manually, in order not to decide which type of operation
operators should do. The cases are the following:
• The first generation will consist of 1 big operators, 10 medium operators, 12 small
operators and 1 delivery operator with 40 drones.
• The second generation will consist of 2 big operators, 12 medium operators, 20
small operators and 1 delivery operator with 50 drones.
• The third generation will consist of 3 big operators, 20 medium operators, 30 small
operators and 1 delivery operator with 100 drones.
• The fourth generation will consist of 4 big operators, 30 medium operators, 40 small
operators and 1 delivery operator with 150 drones.
In addition to the four generations, the study will evaluate three scenarios, which are:
• First scenario: in the first scenario, all the forbidden areas will be taking into account
for the generations.
• Second scenario: in the second scenario, the controlled airspace will not be con-
sidered as forbidden flight zones, but the rest of them areas will be.
• Third scenario: in the last scenario, the populated zones will not be considered as
forbidden flight areas, but the rest of them will be.
The goal of building these three scenarios is to evaluate the effect and the impact of a
concrete type of forbidden flight zone on the generations. The study will be carried out by
comparing how the parameters of the generations change between scenarios.
9.1. Results of the first scenario
In this section, the results of the first scenario is exposed and analyzed. This section is
split into several parts in order to focus on different aspects of the generations.
9.1.1. Number of operations
The first aspect to determine the effectiveness of the generator and the discussion of the
results is how the number of operations varies by changing the number of operators. Table
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9.1.1. shows how the operations vary with each generation. As the number of operators
increases, the number of operations increases as well. The reason is that the larger the
number of operators, the greater the number of drones, which causes more operations to
perform.
However, not all the types of operation increase, the BVLOS operations reaches a max-
imum on the second generation and, then they decrease. The reason of this effect is
caused by the uniform probability distribution which decides the type of operations to per-
form for each operator.
generation VLOS EVLOS BVLOS Delivery Total
1 111 236 244 88 679
2 319 329 648 96 1392
3 631 628 568 193 2020
4 1488 1001 535 297 3321
Table 9.1: Number of each type of operation performed in each generation.
9.1.2. Number of conflicts and busy areas
The second aspect to determine the effectiveness of the generator is the number of con-
flicts and busy areas. In this subsection, the results obtained about these two numbers are
exposed and discussed.
9.1.2.1. Number of conflicts
From the first to the second generation, the number of conflicts boosts. But, for the other
generations, the number of conflicts tends to stabilize between 25 and 30 conflicts, as
shown in Figure 9.1.
9.1.2.2. Number of busy areas
On the other hand, the number of busy areas always increases as the number of operator
increases as well, as shown in Figure 9.2.
9.1.2.3. Analysis of the evolution of traffic
For the analysis of the evolution of traffic, two parameters have been created: the risk
of collision and the traffic density. The risk of collision is calculated as the number of
conflicts occurred divided by the total number of operations from a generation. Whereas
the traffic density is defined as the number of busy areas divided by the total number of
operations from a generation. Calculations relevant to these parameters are included in
Table 9.1.2.3.
The tendency shows that both the risk of collision and traffic density keep constant in each
generation. The risk of collision is maintained at a low rate, in the worst case there are
almost 2 conflicts every 100 drone flights. However, the traffic density is a factor ten bigger
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Figure 9.1: Conflicts encountered in each generation of the first scenario.
than the risk of collision. This means that the drone airspace is congested, as in the worst
case, every 100 drone flights, 15 pairs of drone are operating in a range closer than 5.4
nautical miles.





Table 9.2: The risk of collision and traffic density of each generation.
9.2. The effect of controlled airspace on the generations
In order to figure out the effect of considering the controlled airspace as forbidden flight
zones in Spain, the same four scenarios have been generated but without considering the
controlled airspace as a restricted area for flying. The results of the number of operations
are summarized in Table 9.2.
Except for the first generation, the number of operations does not vary much between the
generations made with and without taking the controlled airspace into account. In the case
of the first generation, the increment is substantial because the total number of operations
is not as large as they are in the other generations. In both scenarios, as the number of
operators increases so does the number of operations.
But the most significant parameter of the effect of controlled airspace is how the number
of conflicts and busy areas changes. This variance can explain whether suppressing the
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Figure 9.2: Busy areas encountered in each generation of the first scenario.
generation VLOS EVLOS BVLOS Delivery Total Increment (%)
1 116 416 322 80 854 25.73
2 260 553 525 107 1441 3.52
3 446 932 381 210 1969 -2.52
4 1403 770 652 296 3121 -6.02
Table 9.3: Number of each type of operation performed in the generations without tak-
ing the controlled airspace into account. The last column refers as the increment of the
operations with respect to the first scenario generated.
controlled airspace as forbidden flight zones might make the drone traffic airspace be more
relieved or more congested.
Concretely, the risk of collision and the traffic density are the parameters which best fit to
express the results about the effect of controlled airspace on the generations. The reason
is that they do not only take into account the number of conflicts and busy areas but they
take the total performed operations as well, expressing the result as a relation. These
numbers are represented in Table 9.2.
As it can be seen, the results do not show a clear relief or congestion about the drone
traffic. The risk of collision and traffic density seem to decrease in generation 2 and 3 but
they grow up in generation 1 and 4.
As a preliminary conclusion, the effect of taking the controlled airspace as forbidden flight
zones in Spain does not necessarily provoke a relief or a congestion on UAS traffic. Actu-
ally, It will change depending on the circumstances.
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generation conflicts risk of collision (%) busy areas traffic density (%)
1 6 0.70 (+0.12) 72 7.31 (+2.31)
2 15 1.03 (-0.76) 181 12.52 (-2.99)
3 11 0.55 (-0.54) 196 9.95 (-3.36)
4 30 0.96 (+0.12) 523 16.75 (+1.91)
Table 9.4: The number of conflicts, the risk of collision, the number of busy areas and traffic
density for the second scenario. The numbers in brackets express the difference between
this results and the results from Table 9.1.2.3.
9.3. The effect of populated areas on the generations
As well as with the controlled airspace, this section is committed to evaluating the effect of
considering the populated areas of forbidden flight zones in Spain. The aim of this test is
to see whether the prohibition of flying above cities causes big congestion or not. To do
so, the methodology is the same as used with the evaluation of the controlled airspace.
The four generations have been made with the same operators as mentioned in the begin-
ning of this chapter. Table 9.3. shows the number of each type of operation generated in
this scenario.
generation VLOS EVLOS BVLOS Delivery Total Increment (%)
1 349 254 190 73 866 27.54
2 391 432 482 89 1394 0.14
3 507 589 807 211 2114 4.65
4 734 1152 789 293 2968 -10.62
Table 9.5: Number of each type of operation performed in the generations without taking
the populated areas into account. The last column refers as the increment of the operations
with respect to the first scenario generated.
As it happened with the second scenario, the number of total operations does not vary
substantially except for the first generation (due to the small number of operations).
Focusing on the number of conflicts and busy areas, with their respective dimensionless
parameters (risk of collision and traffic density), Table 9.3. shows the results of the gener-
ations.
generation conflicts risk of collision (%) busy areas traffic density (%)
1 3 0.34 (-0.24) 36 4.15 (-0.85)
2 8 0.57 (-1.22) 151 10.83 (-4.68)
3 35 1.65 (+0.56) 377 17.83 (+4.52)
4 40 1.34 (+0.50) 553 18.63 (+3.79)
Table 9.6: The number of conflicts, the risk of collision, the number of busy areas and traffic
density for the third scenario. The numbers in brackets express the difference between this
results and the results from Table 9.1.2.3.
The results show that, for small numbers of operators, the drone traffic alleviates, but for
a large number of operators, the traffic tends to be more congested. Therefore, as it
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happened with the second scenario, suppressing the populated areas as forbidden flight
zones does not necessarily provoke a relief or a congestion, but it will change with the
circumstances.
CONCLUSIONS
The conclusions are divided into several parts, each one focusing in a specific field of
investigation.
9.4. Achievements of objectives
The first conclusion reached is that the objective of building a generator capable of creat-
ing drone traffic has been accomplished. The generator is able to spawn operations with
an assigned flight schedule in a country. Moreover, the options for introducing the oper-
ators, the route parameters, and the drone models allow the user to make more precise
generations.
Secondly, the output files have shown a good way to visualize and simulate the genera-
tions, allowing the user to study the operations in detail. One field of study about operations
has been the search of conflicts and busy areas. The tests with the generators have shown
that, as the number of operators increases in Spain, the number of conflicts and busy ar-
eas increases as well. However, the risk of collision and the traffic density keep almost
constant in various generations. Both parameters maintain a high level of safety although
the traffic density is a factor ten bigger than the risk of collision.
The preliminary studies with the generator have shown that the effect of controlled airspace
and the populates zones on the Spanish drone traffic does not cause a necessary relief or
congestion on it. A possible explanation is that most of the controlled airspace affecting the
UAS traffic is formed by CTR and ATZ zones. These areas are located around airports and
aerodromes to protect the air traffic operating around them. In addition to these areas, the
airports have their own forbidden flight zones in order to avoid UAS from operating around
them. This means that the CTR, ATZ, and the forbidden flight zones around airports are
overlapping the same space. Thus, the gain of flyable airspace is not all the controlled
airspace but some parts of it.
Focusing on the effect of populated areas, the impact is almost the same as with the
controlled airspace. Due to the proximity of airports to the cities, the gain of flyable airspace
is reduced or even null for small cities with airports such as Tarragona or San Sebastia´n.
From Figure 3.1, it can be seen than the most of the radii of actions of cities collides with
the radius of actions of airports, aerodromes, and heliports. As well as with the cities, the
same thing happens with the controlled airspace.
On the other hand, the delivery routes implemented have shown that their feasibility is
possible, although they might congest the airspace around the delivery centers, as shown
in Figure 9.3.
9.5. Software development
The development with Microsoft C# has been labored as the first generator implemented
had the number of operations as inputs parameters, instead of the operators. Then, the
drone models were introduced as to make the generation more realistic. Finally, the imple-
mentation of operators as inputs make the last step to build the generator.
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Figure 9.3: Delivery operations performed in a day around the Amazon’s logistic center
located in Barcelona’s province.
The development of the output files supposed an increase of work as they were new plat-
forms. The part of searching was the most difficult part not only for the lack of information
but for the generation of the files in its proper form.
9.6. New development areas
The intention of this generator was to encompass all the drone elements. But, there are
some areas where there has not been a development for either lack of time or lack of
resources. These areas are:
• Implementation of islands in the country contour. As commented in Chapter 3,
the generator does not take into account the island for placing routes in it, due to
the difficulty of spawning operations in separated polygons from the main contour.
A possible area of development may include the islands as places for performing
operations.
• Implementation of new types of operations. The actual version of the generator
contains four types of operations; VLOS, EVLOS, BVLOS, and Delivery. However,
there are new types of operations such as reviewing of electric lines of trains, moni-
toring of frontiers or cross-border operations, which could be implemented in future
versions.
• Research and simulation of MavLink files. The MavLink files contain the infor-
mation of the flight plans from the generated operations. The simulation of the op-
erations with the tool created by ICARUS research group provides a set of logs. A
possible study of the implementation of ADS-B in drones can be carried out by the
analysis of these logs.
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APPENDIX A. GEODESIC FORMULAS
Throughout this project, different formulas were used for generating routes. As these
routes are placed on the Earth’s surface, the formulas used are geodesic and not from
linear geometry because the Earth’s curvature might provoke deviations. The following
data is used for the geodesic formulas and algorithms [13] [14]:
• Earth’s radius (Re) = 6371000 meters and it is considered a sphere, not an ellipse.
• The variables used are latitude (ϕ) and longitude (λ), and are in radians and in
decimal notation.
• The latitude of reference is the equatorial line and its value is 0 rad. The northern
latitudes are positives whereas the southern ones are negative.
• The longitude of reference is the Greenwich meridian and its value is 0 rad. The
eastern longitudes are positives whereas the western ones are negative.
The next sections are committed to explaining the algorithm and formulas for working out
different geodesic parameters, such as distances between two point on Earth’s surface or
calculating the bearing between two points.
A.1. Haversine formula
The Haversine formula is used for determining the great-circle distance, that is the shortest
length between two points located on the surface of a sphere.
Given two points, Point A (ϕ1,λ1) and Point B (ϕ2,λ2), located on the Earth’s surface, the




) · cos(ϕ1) · cos(ϕ2) · sin2(λ2−λ12 ) (A.1)




Haversine distance= Re · c (A.3)
A.2. Algorithm to find the Destination Point given a dis-
tance and a bearing from a given point
For generating the different points that each type of operation has (VLOS, BVLOS...), the
next algorithm is used. Given a point A (ϕ1,λ1), a distance (d) and a bearing angle from
True North (Θ) in radians, the Point B (ϕ2,λ2) is worked out as:
ϕ2 = arcsin(sin(ϕ1) · cos(d)+ cos(ϕ1) · sin(d) · cos(θ)) (A.4)
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λ2 = λ1+ arctan
(
sin(θ) · sin(d) · cos(ϕ1)
cos(d)− sin(ϕ1) · sin(ϕ2)
)
(A.5)
Where ϕ2 and λ2 are the latitude and longitude of Point B, respectively.
A.3. Algorithm to find the bearing from two given points
In order to know the bearing (θ) between two known points (Point A (ϕ1,λ1) and Point B





cos(ϕ1) · sin(ϕ2)− sin(ϕ1) · cos(ϕ2) · cos(λ2−λ1)
)
(A.6)
The Equation A.6 works out the bearing by connecting the two points with a great-circle
line. But, these lines do not follow a constant bearing path but it changes when approach-
ing to the destination point. Thus, this formula provides the initial bearing, the bearing
calculated from the initial point, and makes some error though the distances used in the
generator are not as big to perceive the error.
A.4. Algorithm to find the intersection point between two
segments
This algorithm is really useful at the time to check and find whether two segments collide
or not. To work out the intersection point, two points and two bearing are needed; Point A
(ϕ1,λ1) with its bearing (θ1) and Point B (ϕ2,λ2) with its bearing (θ2). In such a way that
the first segment is formed by the line which contains Point A and the direction is enclosed
in its bearing, being equal for the second segment with Point B and its bearing. Hence, the
Intersection Point is calculated by the following set of equations:
The first step is to work out the angular distance between two points:













Then, the initial and final bearings are calculated as:
θa = arccos
(






















Made the assumptions, the following set of equations are used for resolving the algorithm
and obtaining the intersection point.
α1 = θ13−θ12 (A.12)
α2 = θ21−θ23 (A.13)
α3 = arccos
(− cos(α1) · cos(α2)+ sin(α1) · sin(α2) · cos(δ12)) (A.14)
δ13 = arctan
(
sin(δ12) · sin(α1) · sin(α2)
cos(α2)+ cos(α1) · cos(α3)
)
(A.15)
ϕ3 = arcsin(sin(ϕ1) · cos(δ13) · cos(ϕ1) · sin(δ13) · cos(θ13)) (A.16)
∆λ3 = arctan
(
sin(θ13) · sin(δ13) · cos(ϕ1)
cos(δ13)− sin(ϕ1) · sin(ϕ3)
)
(A.17)
λ3 = λ1+∆λ1 (A.18)
Being ϕ3 and λ3 the latitude and longitude of Intersection Point, respectively.
A.5. Algorithm to find the midpoint between two points
This algorithm is mainly used for working out the busy areas, as it helps to create the
closest midpoint between two operations. The calculus used for calculating the midpoint
(ϕ3,λ3) between Point A (ϕ1,λ1) and Point B (ϕ2,λ2) is comprised from Equation A.19 to
Equation A.22.
Bx = cos(ϕ2) · cos(λ2−λ1) (A.19)













Being ϕ3 and λ3 the latitude and longitude of the midpoint, respectively.

APPENDIX B. INPOLYGON FUNCTION
The InPolygon function is what the generator uses to determine if a point is inside a poly-
gon. The generator differentiates two cases in which the InPolygon function is used. These
cases are:
• Determining if a point is inside the country contour.
• Determining if a point is inside a forbidden flight zone.
In the following sections, each case will be described step by step.
B.1. Determining if a point is inside a country contour
In the case that the generator is evaluating the position of a point with respect to a country
contour, the process follows two steps in order to make the function faster:
B.1.1. Step 1: Drawing an inner circle and evaluating the point
The first step consists in drawing an inner circumference in the center of the country con-
tour. The radius of the circumference is taken as the closest point to the center of the
circle, in such a way shown in Figure B.1. With this inner circle, the generator works out
the distance between the evaluated point and the center of the inner circle. If that distance
is smaller than the radius of the inner circle, the point is inside the country. Otherwise, the
generator does not have the enough information. In the last case, the process executes
the Step 2.
B.1.2. Step 2: Applying the algorithm to find a point inside a closed
polygon
In the case that the evaluated point is outside the inner circle, the generator needs to apply
an algorithm which decides whether a point is inside a polygon or not.
The algorithm consists on horizontally projecting the evaluated point on the polygon, as
shown in Figure B.2. The generator now counts how many projected points are to the left
of the evaluated point. If the result is an odd number, the evaluated point is inside the
polygon. Otherwise, if the number is even, the point has fallen outside the polygon. From
Figure B.2, the number of projected points to the left of the evaluated point is one, which
means that the evaluated point is inside the polygon.
This algorithm, though, takes more time to decide if a point is inside a polygon because it
has to compare all the segment which form a polygon with the evaluated point. Therefore,
the algorithm of an inner circle is previously used so that this algorithm is only required
when there is ambiguity with the location of the point.
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Figure B.1: Example of an inner circumference using the Spanish contour.
B.2. Determining if a point is inside a forbidden flight
zone
The difference between determining if a point is inside a forbidden flight zone or a coun-
try contour is the size of the area. The contours of the countries represent big areas in
comparison with the areas of a forbidden flight zone. Thus, if the generator applies the
algorithm of an inner circle with the forbidden flight zones, most of the time the algorithm
will not be able to determine if the evaluated point is inside the polygon. So, when the
generator has to evaluate the location of a point inside a forbidden flight zone, it makes
use of two algorithms:
• If the forbidden flight zone is a polygon, the generator uses the algorithm explained
in Step 2 of the previous section (see Subsection B.1.2.). This algorithm is widely
used in forbidden flight areas and in controlled airspace zones, where the polygons
have different shapes.
• If the forbidden flight zone is a circumference, the generator works out the distance
between the evaluated point and the center of the forbidden area. If the distance
between the two points is larger than the radius of the forbidden area, the point is
outside. Otherwise, the point is inside the forbidden area. This algorithm is widely
used in cities and airports because their areas have a circular shape.
Figure B.2: Example of the horizontal projection of a point on a polygon.

APPENDIX C. INTERFACE
This chapter of the Appendix aims at describing the interface of the generator. The de-
scription includes the selection of the operating modes, the windows for introducing the
input parameters, and the windows for showing the analysis of the generation. The main
window of the generator is shown in Figure C.1.
Figure C.1: Main window of the generator.
C.1. Operating mode: Making a new generation
The first mode explained is how to make a new generation. As it has been explained in
Chapter 2, this mode allows the user to make a generation of drone traffic during a day, in
a specified country and with the desired operators. Figure C.2 shows the button to select
this mode, as it is placed in the top left corner of the main window.
C.1.1. Input parameters
To begin with, the first part explained is the input parameters that the user is asked to
choose. As this section will show, there are several parameters to insert, so the following
subsections are devoted to thoroughly explain each one.
67
Figure C.2: Window to choose the operating methods.
C.1.1.1. Selection of the country
The first parameter that the user is asked to insert is the country. This can be done by
inserting the country among them on the list. As shown in Figure C.3, the country must
be selected from the central list and then, press the button ”Next” to follow with the next
input. In case of pressing the button ”Cancel” or closing the window by the cross button,
the generation is over and it returns to the initial window.
Figure C.3: Window to insert the country.
C.1.1.2. Selection of the operators
The next input parameter requested is the selection of the operators which are going to op-
erate in such generation. The user has two options for introducing the operators: manually
or by loading an XML file.
The first option is what is shown in Figure C.4 and it consists in introducing the exact
number of each type of operator, as described in Chapter 5. But there is an exception
when it comes to delivery operations. As it was explained in Section 4.4., the delivery
operators are fixed since only parcel and courier company can manage these routes. So,
in this case, the user is asked to insert the number of drones that will perform delivery
operations.
The second way to introduce the operators is by loading an XML file as explained in Chap-
ter 5. If the user wishes to use this method for introducing the operator, he or she has to
choose that option in the radio button on the top right corner. When the radio button is
selected, the button ”Examine” becomes available, where the user has to click on it. This
button opens a window where the XML files are stored and prepared for being chosen.
Once the XML file is chosen, the generator loads the operators and shows the name of
the file loaded on the window shown in Figure C.4, next to the button ”Examine” so that
the user can corroborate that the file loaded is what he wants.
Figure C.4: Window to insert the operators manually or by loading an XML file.
C.1.1.3. Selection of the Route Parameters
Following with the operators, the next input parameter is the selection of the route param-
eters. In fact, this input is based on the elements described in Chapter 4, especially those
parts which describe the parametrization of each route. The goal of selecting the route
parameters is to fill the parametrization which defines the routes, setting their limits as the
user wishes. To do so, the user is asked to insert them in the same way as the selection
of operators: manually or by loading an XML file.
Figure C.5 shows the window to insert the route parameters. If the user wants to load them
from an XML file, the first option must be chosen on the right side of the window, whereas
if the user wants to introduce manually the other options must be selected. For the first
option, the button ”Examine” is open and when it is clicked, the program opens a folder
where all the XML files relative to route parameters are stored. The user has to choose
one and the program will load it, showing on the screen if the process of loading went well
or wrong (in the last case, the program suggests to revise the file in search of mistakes or
loading another file).
Figure C.5: Window to insert the parametrization of routes by loading an XML file or by
introducing them manually.
On the other hand, when the routes parameters will be inserted manually, the button ”Se-
lect Parameters” will be open, and when it is clicked the program opens a new window
where the user has to fill the parametrization. Figure C.6 shows the window where the
user has to insert the parametrization. The white spaces are to fill them with numbers, and
when they are selected, a photo of the part of the parametrization is shown so that the
user can recognize which part of the parametrization is filling.
C.1.1.4. Selection of the drone models
The next input parameter is the selection of the drone models, which basically consists in
loading the drones that will perform the operations. As commented in chapter 6, the drones
inserted in the XML file contains their performance, which is important when evaluating
the times taken by UAS to perform the operations, so that the generation is as realistic
as possible. In this part, the user only has the only option to introduce the drone models
by loading an XML file. It cannot be inserted manually as there are too many parameters
related to drones to include. The interface where the program asks the user to choose the
file is shown in the Figure C.7.
C.1.1.5. Selection of TXT files
The last input to insert is how many txt files the user wants to receive as an output of
the generation. The generator releases a TXT file with all the information relative to the
generated operations . As it can be seen in Figure C.8 , by changing the number in the
white space, the generator will divide the information of the generated operations into as
many TXT files as the user has filled. This division will be helpful at the time to simulate
the operations with the ICARUS simulation tool.
Figure C.6: Window to insert the parametrization of routes.
C.1.2. Results and statistics
To display the result and the output parameters, the user has to click on the ”See Results”
button as shown in Figure C.1. When this button is clicked, a new window opens, shown
in Figure C.9. The window is separated into two parts: results and statistics, as it can
be seen in the top right corner of Figure C.9. By default, the window is opened with the
results part, which contains the visualization of the generated operation in Google Earth
and the search of conflicts and busy areas. The buttons to select the mentioned functions
are ”Visualize the generation in Google Earth”, ”Find Conflicts” and ”Find Busy Areas”.
The button ”Visualize the generation in Google Earth” opens such program and shows the
operations. Whereas, the buttons ”Find Conflict” and ”Find Busy Areas” first work out the
conflicts and busy areas as explained in Chapter 8, and once the generator has finished
any two calculus, it opens a window asking the user to show the results in Google Earth.
On the other hand, Figure 8.5 shows the window where the statistics of operations are.
The generator allows two options to download the statistics, by either XML or CSV file.
Figure C.7: Window to insert the drone models.
Figure C.8: Window to choose the number of TXT files.
C.2. Operating mode: Mode of reviewing a simulation
The second operating mode that the generator has is to review a generation. This mode
is useful for obtaining the data and the files from a generation again, in the case that the
user had not previously saved them. In order to choose this option, the user has to press
the button “Review a Generation” shown in Figure C.2 and then, the generator will open a
window where all the generations are recorded and stored. By loading any of the stored
files, the generator will create the same files and display the same data as explained in
Chapter 8.
C.3. Options about the forbidden flight zones
The generator also has a function that allows the user to choose which types of forbidden
flight zones are taken into account on the generations. This function proves to be very
useful for evaluating the effects of such areas in the drone traffic, as shown in Chapter
Figure C.9: Window to see the results and the output files.
9. In order to choose this option, the user has to go on the button which says ”Options”
and then press the button ”Forbidden flight zones”. Once the button is pressed, Figure
C.10 shows the windows where the generator allows the user to choose which types of
forbidden flight zones are active. By choosing which types of forbidden flight zones are
active and pressing the button ”Apply ”, the generator will take this information into account
for the subsequent generations until the user changes these options.
Figure C.10: Window to choose which forbidden flight zones are active.

APPENDIX D. CODE ORGANIZATION
This part of the appendix is committed to explaining the code of the traffic generator. As it
was said in the introduction, the programming language used for building the generator is
Microsoft C#. The whole code is divided into several libraries, with a main WPF project to
make the interface. As the interface has a chapter is described in Appendix C, this part of
the appendix is committed to detail the different libraries which form the program. These









This library contains the classes to store the information relative to the countries. It also
contains the methods to read all the parameters which form a country (see chapter 3) from
XML files. The classes contained in this library are:
• Country: this class stores the information which make up a country. That is the
name, the contour, the forbidden flight zones, the delivery centers, and the workday.
• Forbidden flight area: this class aims at storing the information about the areas
where the flight is prohibited. It also stores the controlled airspace zones.
• City: this class stores the information relative to the cities, which is the name, the
reference point and the radius of action.
• Airport: this class stores the information of airports, aerodromes, and heliports.
• CountryGenerator: this static class contains the methods for reading the informa-
tion of a country from the XML files and generate the country for the generation.
D.2. utm drone
This library contains the classes to store the information relative to the UAS used in the
generator. As well as with the library for the countries, these classes contain the methods
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for reading the model of drones from an XML file and load their performance (see chapter
6).
The classes contained in this library are:
• drone: this class stores the information relative to UAS, which is the model, the
identifier, and the performance.
• XMLDroneReader: this class contains the methods to read the XML files where the
models of drones are stored.
D.3. utm operation
This library contains the classes to generate the operations. It has the classes which are
in charge of receiving the information from other libraries, such as from utm country and
utm drone, and generate the operations. It also has the classes to generate the KML and
Mavlink output files for visualizing the routes. The classes contained in this library are:
• Operation: this class stores the information relative to an operation, which is the
type of route (VLOS, BVLOS...), the flight schedule, the drone which performs the
operation and the MavLink identification.
• OperationGenerator: this static class contains the methods for generating and cre-
ating the routes, assigning the flight schedule and filtering the operations.
• MavLinkWriter: this class has the methods for writing the MavLink files from the
generated operations.
• CSVWriter: this class has the methods for writing not only the CSV files but also the
XML files where all the information relative to the generated operations is stored.
D.4. utm operator
This library aims at storing the information relative to the operators. It also has the classes
and methods for generating the operators in the case that the user has inserted manually.
Otherwise, the library has the classes for reading the XML files in the case that the user
introduces them by this type of file. The classes of this library interact basically with the
library of utm operation as the information relative to the operators are a fundamental
parameter for generating the operations. The classes contained in this library are:
• Operator: all the information which forms an operator (identifier, the list of opera-
tions, the fleet of drones...) is stored in this class.
• OperatorGenerator: this class receives the number of operators inserted by the
user and generates them with their fleet of drones and list of operations fulfilled.
• OperatorWriter: this class writes all the information related to the generation in
XML files and KML files. It also contains the methods to read these files. The main
function of these XML files is to review a generation, whereas the KML files are used
for watching the drone flights in Google Earth.
D.5. utm routes
This library contains the classes which store the structure and the parametrization of each
type of route. This library is mainly used by the library utm operation as it invokes the
classes contained in utm routes to generate new routes.
The classes contained in this library are:
• VLOSRoute, BVLOSRoute, EVLOSRoute, and DeliveryRoute: these four classes
contain the information of each type of the route, which is the waypoints and the op-
eration areas.
• VLOSParametrization, BVLOSParametrization, EVLOSParametrization, and De-
liveryParametrization: on the other hand, these four classes contain the informa-
tion about how each type of route is parametrized by the user. This information
includes the dimensions of the routes, the operation areas, and flight altitudes.
• RouteGenerator: this static class has the methods to create and generate any of
the four types of routes by making use of the parametrization classes commented
above.
• InPolygon: this static class contains the method to filter the routes through the
country contour and forbidden flight zones. Among other methods, this class has
the function InPolygon described in Appendix B.
D.6. utm utils
This library contains basic classes which are used in the generator to store information.
The classes contained in this library are:
• Point: this class has the attributes to define a place above the Earth’s surface.
These attributes are the latitude, the longitude, and the height. It also contains a
DateTime to set the time in the case that this object is used for defining a waypoint
of a trajectory.
• Polygon: this class is used for storing the points which shape a polygon.
• Rectangle: this class is used for defining the Operation Areas of the routes. It
contains the four points which shape a rectangle, plus the scan trajectory which the
drone travels inside this polygon.
• TimeGenerator: this class contains the methods to random times. It contains the
Box-Muller algorithm (see Section 7.6.1.) and is mainly used for generating the flight
schedules of the operations.
• LatLongProjection: this class contains all the geodetic formulas and algorithm de-
scribed in Appendix A. This class is very used for generating the waypoints of the
routes.
D.7. utm analysis
This library contains the classes to do the analysis when the operations are created. Fur-
thermore, it also contains the classes and methods to work out the conflicts and busy areas
and write them in KML files for their visualization. The classes contained in this library are:
• OperationAnalizer: this class contains the methods for working out the conflicts and
busy areas. Furthermore, it also analyses the generation to display the temporal and
the operational data (see Chapter 8).
• AnalysisWriter: this class has the methods to write the XML, CSV and KML files
about the conflicts, busy areas, and temporal and operational data.
